ments was that exposure of the neural placode to the intrauterine environment might lead to secondary damage, thus compounding the preexisting embryological injury. Early closure might prevent that secondary injury. Results of these experiments generally suggested that early closure would, in fact, reduce the degree of neurological disability associated with myelomeningocele; however, these conclusions had to be tempered by the fact that no true animal model of myelomeningocele exists in a species readily amenable to intrauterine surgery. These experiments were, therefore, only rough approximations of the true clinical situation. Despite this, several centers found these results adequately encouraging to develop protocols for IUMR in humans.
The first of these procedures were performed within weeks of each other at VUMC and CHOP in 1997. 2, 12 Since that time more than 270 procedures have been performed at four centers in the US, and a handful of additional procedures have been performed in Europe and South America. Preliminary results suggest that IUMR may reduce the incidence of shunt-dependent hydrocephalus (Table 1) . 14 There is also ample evidence that IUMR reduces the severity of the hindbrain herniation generally associated with the CM II. 11, 13 Whether the latter results in any palpable improvement in patients' symptoms remains to be studied. Unfortunately, all of the studies published to date rely on historical controls. No randomized controlled trials of IUMR compared with conventional therapy exist. The existing studies are thus rightfully subject to skepticism and criticism.
This skepticism is further compounded by the fact that IUMR is not without considerable risk. Currently, combined statistics from VUMC and CHOP suggest a 4% mortality rate and an 11% morbidity rate, much of which is directly related to extreme prematurity.
14 When the techniques of fetal surgery were first being developed the procedures were restricted to lethal congenital anomalies. If the alternative to fetal therapy was death then the substantial morbidity and morality rates could be justified. In fact the overall mortality rate for fetal repair of congenital diaphragmatic hernia approached 75%; 6 however, myelomeningocele is not a lethal anomaly. Safe, if inadequate, postnatal therapy exists; therefore, the benefits of intrauterine therapy must clearly outweigh the risks before any new therapy will achieve mainstream acceptance. To that end, two goals must be met. First, it must be definitively demonstrated that IUMR is beneficial to affected patients in comparison with conventional therapy. Second, modifications must be made to the current procedure to reduce its risks.
To achieve the first goal a randomized controlled trial of IUMR compared with conventional postnatal therapy has recently been initiated. The MOMS, designed and supported by the NICHD, proposes to study 200 patients randomized to either IUMR or postnatal myelomeningocele closure for patients undergoing surgery at one of three participating centers: VUMC, CHOP, or University of California at San Francisco. 9 Interested patients are referred to a toll free information line (1-866-275-6667) at the NICHD. Qualified candidates will then be assigned to one of the three centers according to geographic criteria. Candidates will undergo an intensive evaluation to ensure that the entry criteria are met. These include verification of the diagnosis as well as exclusion of other chromosomal or structural anomalies (Table 2) . After intensive counseling, qualified candidates will then be asked to sign informed consent. Only then will they be randomized to study groups. Those who are randomized to the fetal surgery arm will immediately undergo IUMR and then reside near their assigned center until it is time for them to deliver the child. Those assigned to conventional surgery will be urged return to their assigned center for delivery by cesarean section at approximately 37 weeks' gestation unless preterm labor or other obstetrical issues necessitate urgent delivery elsewhere.
Formal follow-up evaluation will be at 12 and 30 months by a group of clinicians specially trained by the NICHD. Primary end points will be the need for shunt placement and/or death. Shunts will be placed according to specified criteria (Table 3 ). An independent panel of disinterested pediatric neurosurgeons will review all cases to certify that the criteria for shunt placement have been met. Patients without shunts who meet the criteria for shunt placement will still be counted as having received a shunt. In short, every effort will be made to ensure that no unconscious bias against shunting in the IUMR group will skew the results. Other parameters to be tested will include intelligence, leg function, bowel and bladder function, CM-related symptoms, and others. As of this writing, 15 IUMRs have been performed under the aegis of MOMS, and a similar number have been randomized to conventional surgery. Thus a total of approximately 30 patients have been enrolled during a period of 9 months. It can be readily calculated that at this rate the study will require nearly 5 years to enroll 200 patients and another 2.5 years to complete the follow-up evaluations. Add another 6 to 12 months for analysis and it may well be 8 years before the study is complete. As a requirement for participation in MOMS, the investigators have all agreed that no IUMRs will be performed outside the study. This has effectively brought other clinical research involving IUMR to a halt in the US for that duration of time.
As mentioned previously, the second prerequisite to achieving mainstream acceptance of IUMR is reduction of risk. To that end, interest in minimally invasive approaches to fetal therapy has remained high for many years. The theoretical advantage of a minimally invasive approach is that by minimizing trauma to the uterus one might prevent the preterm labor that is the overwhelming source of morbidity after fetal surgery. In the early 1990s a series of experiments was performed in sheep at VUMC to assess the feasibility of performing IUMR by using standard minimally invasive techniques. 4 The results of these experiments were encouraging enough that a limited clinical trial was initiated. A series of four patients underwent IUMR; standard 3-and 5-mm instruments and a five mm camera were used (Fig. 1) . 3 Prior to surgery it had been determined that a conventional suture closure would be too difficult to achieve under these conditions. For that reason a technique had been devised to place a small patch of maternal skin over the defect and hold it in place using fibrin glue. Unfortunately, the results of these pilot studies were not encouraging. Unlike in the sheep uterus, the working space within the human uterus was quite limited despite insufflation. The surgeon was further hampered by the bulk of the instruments and other limitations inherent to conventional laparoscopic surgery. These include left-right disorientation (the hand and handle are moved left to move the tip of the instrument right) and loss of depth perception (the conventional camera is two dimensional). An additional difficulty was proper positioning of the fetus. In the end, two patients underwent successful repair, but the skin patch did not appear to survive until the child was born. Of the other two, one died when the mother began labor soon after the surgery, and the other died of amnionitis. Given these difficulties the project was abandoned. Since that time two groups have reported further technical modifications in experimental models involving the use of conventional laparoscopic techniques. 7, 8 Given the potential benefits of a minimally invasive approach we, at VUMC, have decided to revisit this option; however, we have elected to abandon conventional laparoscopic techniques and instead to use newer technology that was unavailable 10 years ago. In particular, robotic devices have become commercially available that may enable the neurosurgeon to overcome many of the obstacles that previously prevented successful repair. These devices interpose a computer between the surgeon and the instruments, thus enhancing the surgeon's skills. Specifically, the computer interface enables complete elimination of physiological tremor. The surgeon's hand movements can be scaled to produce proportionately finer movements of the instruments. Left-right dissociation can be eliminated such that any movement of the hand is precisely mirrored by the instrument. Advanced instruments have also been developed that incorporate a wristlike articulation that mimics the human hand. Finally, the device incorporates a three-dimensional camera that allows the surgeon virtually to immerse him-or herself in the operative field.
Using this instrument, a series of experiments were performed at VUMC in sheep. 1 The gravid uterus was exposed and three 1-cm ports were inserted. These were then "docked" to the robot. The amniotic fluid was removed, and the uterus was insufflated. A myelomeningocele defect was then simulated by excision of a 1-cm patch of skin. This skin defect was then sutured closed using a 7-0 absorbable suture. It was easily possible to manipulate the instruments and accomplish simple suturing by using this technique. These results encouraged the authors to believe that a minimally invasive robot-assisted IUMR might eventually be accomplished in humans; however, this impression must be tempered by the fact that the previous minimally invasive sheep experiments failed to translate successfully to the clinical setting. This was in large part due to the smaller size and lack of distensibility of the human uterus compared with the sheep. This difference may therefore remain an obstacle.
An additional series of experiments has now been initiated at VUMC with the object of exploring the possibility of performing a robotic-assisted IUMR percutaneously, that is, without surgical exposure of the uterus. This would seem to be the next logical step in the progression toward truly minimally invasive intrauterine intervention. The obvious obstacle to this goal is the fact that both the abdominal and uterine walls must be cannulated. This cannulation must be accomplished without disruption or separation of the amniotic membrane because such disruption leads to premature labor. Only a small number of animals have been studied, but the initial results are encouraging (unpublished data). In the first few animals, difficulty was encountered during the cannulation process.
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Intrauterine closure of myelomeningocele: an update The amniotic membrane tended to separate from the uterine wall, and once separated it became impossible to achieve insufflation of the true amniotic cavity. In a subsequent animal, the uterine wall was visualized via a minilaparotomy and the insufflation needle was successfully placed. Once this had been accomplished, the amniotic fluid was removed and the uterus was insufflated. With insufflation, the amniotic membrane was compressed against the uterine wall, and the uterine wall compressed against the abdominal wall, thus facilitating the placement of additional ports. Once placed there was ample room to manipulate the fetus by using robotically controlled instruments even though uterine insufflation was constrained within the abdomen. Therefore, using this technique it appears that there are no obvious obstacles to successful percutaneous IUMR, although many more experiments will be needed to perfect the technique.
Despite the tentative success of these experiments there are still problems to overcome. The first of these involves positioning of the fetus. When the amniotic fluid is removed, the fetus tends to "settle" into the lateral decubitus position. This, for obvious reasons, is suboptimal for purposes of IUMR. It will therefore be necessary to develop techniques to manipulate the fetus within the uterus. This may entail introduction of a device to suspend the fetus in the appropriate position or possibly the insertion of a third instrument that would be used solely for the purpose of "retracting" the fetus into an optimal position. Regardless of how this problem is solved, it is clear that it will be crucial to successful IUMR and almost any other intrauterine procedure that might be envisioned. A second problem is the method for myelomeningocele closure. Despite the advances in technology outlined previously, it will remain quite difficult to perform a conventional layered closure of the myelomeningocele sac when using minimally invasive techniques. The instruments remain a bit too cumbersome for this purpose, and the surgeon's range of motion is still more constrained than in open surgery. This limitation will become even more obvious if attempts are made to repair the lesion even earlier during the gestational period. At less than 20 weeks' gestation the skin is poorly epithelialized and has an almost gelatinous consistency. It will therefore not hold a stitch. For that reason, it will be necessary to devise alternative methods to cover the sac and prevent cerebrospinal fluid leakage. It is likely that some sort of patch will need to be sewn into place that performs both of these functions. These are but two of the many potential problems that will need to be overcome as intrauterine techniques mature. There do not, however, appear to be any overwhelming roadblocks to continued progress.
In summary, IUMR has successfully moved from the laboratory to the clinic during the past 20 years. Worldwide, more than 270 procedures have now been performed. Early indications are that the procedure may be of benefit, but this remains to be proven. Future efforts must focus on the betterment of current techniques so that outcomes can be improved and risks can be minimized. The next big step will likely be the application of minimally invasive techniques, perhaps with computer assistance, to this problem. Eventually, it can be hoped that IUMR and other complex fetal interventions will be performed with minimal risk to both the mother and her unborn child.
